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We present studies of structural, magnetic and electrical properties of Zni_x-yCda;MnyGeAs 2 nanocomposite 
ferromagnetic semiconductor samples with changeable chemical composition. The presence of MnAs clusters 
induces in the studied alloy room temperature ferromagnetism with the Curie temperature, Tq, around 
305 K. The chemical composition of the chalcopyrite matrix controls the geometrical parameters of the 
clusters inducing different magnetoresistance effects in the crystals. The presence of ferromagnetic clusters in 
the alloy induces either negative or positive magnetoresistance with different values. The Cd-content allows 
a change of magnetoresistance sign in our samples from negative (for xRiO.SS) to positive (for a; ~ 0.12). 
The negative magnetoresistance present in the samples with a: ~ 0.85 is observed at temperatures T < 25 K 
with maximum values of about -32% at T = 1.4 K and B = 13 T, strongly depending on the Mn content, y. 
The positive magnetoresistance present in the samples with a: ~ 0.12 is observed with maximum values not 
exceeding 50% at i? = 13 T and T = 4.3 K, changing with the Mn content, y. 

PACS numbers: 72.80.Ga, 75.30.Hx, 75.30.Et, 75.50.Pp 

Keywords: semimagnetic-semiconductors; magnetic-impurity-interactions, exchange-interactions 


I. INTRODUCTION 

Gomplex ferromagnetic semiconductors (FMS) offer 
several advantages over the well known and intensively 
studied Mn-doped 111-V, IV-Vl, and 11-VI materials.^^ 
FMS systems showing room temperature ferromagnetism 
are a subject of considerable interest in the recent years 
since they offer potential for being applied in spintronics. 
However, most of the literature reports about the mag¬ 
netic properties of DMS systems show the Gurie tem¬ 
peratures much lower than 300 K, which makes these 
compounds of little use for practical applications. 

The nonexistence of room temperature FMS systems 
creates the need for the development of new compounds 
fulfilling technological requirements. Homogeneous FMS 
systems do not show the Gurie temperature, Tq, with 
values exceeding 200 K.— Inhomogeneous FMS systems 
are more prospective from the point of view of their pos¬ 
sible applications. Among many complex nanocompos¬ 
ite FMS the H-IV-V 2 chalcopyrite semiconductors doped 
with transition metal ions are recently intensively stud¬ 
ied and developedi^i^ It has been proven that the short- 
range magnetic interactions connected with the presence 
of magnetic clusters are responsible for high-temperature 
ferromagnetism in these alloys Larra solubility of 
Mn ions in both Zni_a;Mna;GeAs 2 (Refs. and and 
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Cdi_,Mn,GeAs 2 (Ref. [HI) crystals grown under ther¬ 
modynamical equilibrium conditions and a rather large 
value of the Mn-ion conducting hole magnetic exchange 
constant, Jpd « 0.75±0.09 eV, have been observed indi¬ 
cating that the long range itinerant ferromagnetism is 
possible to obtain in this group of semiconductors. 

In the present paper we describe the problem of con¬ 
trol of the magnetic and magnetotransport properties 
of nanocomposite ferromagnetic semiconductors based 
on the H-IV-V 2 chalcopyrite crystals alloyed with man¬ 
ganese ions. The control of the properties of the clusters 
is related to the chemical composition of the semiconduc¬ 
tor matrix allowing the change of the physical mechanism 
of the magnetoresistance effects in the alloy. The possi¬ 
bilities of controlling the sign and the absolute value of 
the magnetoresistance via changes of the main physical 
mechanism responsible for the magnetoresistance will be 
presented for the Zni_ 2 ;-yGda;Mnj^GeAs 2 crystals with dif¬ 
ferent chemical compositions. 


II. SAMPLE PREPARATION AND STRUCTURAL 
CHARACTERIZATION 

For the purpose of the current research two series 
(Zn- and Gd-rich) of Zni_ 2 ,_yGd 2 ;MnyGeAs 2 samples were 
grown with the use of the direct fusion method. The 
sample synthesis was done in a few steps using as start¬ 
ing materials the high purity As (99,999%), Zn, Gd, 
and Ge (99,99%) single crystals. The synthesis proce- 
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dure of the Zni_;r_„CdT^Mn„GeAs^ alloy is an extension 
of the procedure used in Ref. [l^ for the synthesis of 
Zni_a;Cda;GeAs 2 alloy. At first, the binary ZnAs 2 and 
CdAs 2 compounds were synthesized by direct interaction 
of As with Zn and Cd. The synthesis of the ZnAs 2 and 
CdAs 2 compounds prior to the synthesis of complex com¬ 
pounds was done in order to avoid high pressure processes 
involving arsenic that would occur during the synthesis 
of the Zni_ 2 ,_yCda;MnyGeAs 2 solid solution. The struc¬ 
tural quality of the as-grown ZnAs 2 and CdAs 2 crystals 
was checked by using the X-ray diffraction (XRD) and 
microstructure analysis. The analysis shows the success¬ 
ful synthesis of pure, single phased ZnAs 2 and GdAs 2 
crystals, being precursors for the next synthesis steps. 
The second step of the synthesis procedure aimed at the 
synthesis of ternary ZnGeAs 2 and CdGeAs 2 compounds 
by synthesis of pure Ge with ZnAs 2 and CdAs 2 com¬ 
pounds. The structural quality of the fabricated ternary 
compounds was also checked with XRD and microstruc¬ 
ture analysis. For the next step of the synthesis proce¬ 
dure only single phase crystals were used. The last part of 
the Zni_a;_yCda;Mnj,GeAs 2 alloy synthesis was done with 
ZnGeAs 2 , CdGeAs 2 , and MnAs compounds, weighed in 
stoichiometric ratios, placed in the quartz ampoules (cov¬ 
ered with a thin film of graphite to avoid the interaction 
of the synthesizing material with the ampoule). The am¬ 
poules with the synthesis material were evacuated to the 
pressure lower than 10“® mbar and sealed. The growth 
process was done at the temperature 1150 K kept con¬ 
stant for 24 hours for homogenization of the crystal melt. 
The crystal melt was cooled down from 1150 K to about 
250 K with the speed of about 150 K/s. High cooling 
speed minimizes the size of MnAs inclusions in the as- 
grown crystals. 

The chemical composition of our samples was deter¬ 
mined with the use of the energy dispersive x-ray fluores¬ 
cence method (EDXRF). The measurements were done 
with the use of the Tracor X-ray Spectrace 5000 spec¬ 
trometer. The as grown ingots were cut into thin slices 
(typically around 1 mm thick) with the use of a precision 
wire saw. The maximum relative errors of the EDXRF 
technique do not exceed 10% of the calculated values of 
the Gd and Mn content, x and y, respectively. The results 
of the EDXRF measurements are gathered in Table. HI As 
expected from the technological proportions of the alloy¬ 
ing elements used for the synthesis the EDXRF data in¬ 
dicate that two groups of samples were obtained: (i) Zu¬ 
rich with X ~ 0.12±0.01 and Gd-rich with x ~ 0.85±0.09. 
The X value for each of the group is almost constant 
within the uncertainty of the EDXRF method. The rea¬ 
son for the selection of Gd content x lies in the phase 
diagram of ZnGeAs 2 -CdGeAs 2 , investigated in detail in 
Ref.lH The solid solutions are present in all range of 
concentrations above 440°G. Below this temperature the 
decay region of solid solution of Zni_a;Cda:GeAs 2 is ob¬ 
served in the range of Gd concentrations x from 0.19 to 
0.92 at room temperature. It is then not possible to syn¬ 
thesize crystals with x in the range from 0.19 to 0.92. 



FIG. 1. The XRD patterns for the selected 

Zni. 2 ,Cda:GeAs 2 :MnAs samples with different chemical 
compositions. Peaks in the diffraction patterns are marked 
with hkl values for the known chalcopyrite ZnGeAs 2 (blue), 
CdGeAs 2 (red), and MnAs (green) phases. 


Therefore, we focused our studies over the boundary Cd 
content, at which Zni_a;Gda;GeAs 2 exists. All our samples 
belong to the boundary region, taking into account the 
uncertainty in the determination of the x and y values 
with the use of the EDXRF method and the fact, that 
the addition of Mn to the alloy may change the region at 
which the Zni_ 3 ;.yCd 2 ,Mnj^GeAs 2 alloy exists. The main 
purpose of the synthesis procedure was to obtain sam¬ 
ples with different Mn content, y. The data gathered in 
Table U indicate that y changes from 0.033 to 0.109 al¬ 
lowing a large change of the concentration of the MnAs 
clusters in the material. 

The high resolution X-ray diffraction measurements 
were performed in all our samples at room temperature 
using the multipurpose diffractometer. The Cu K^i x- 
ray radiation with the wavelength 1.5406A was used. The 
obtained HRXRD patterns for our Zni_ 2 ;-yGda;MnyGeAs 2 
samples are shown in Fig.[TJ The XRD data indicate the 
presence of 3 phases with different concentrations, de¬ 
pending on the alloy composition. One is identified as 
a chalcopyrite structure with lattice parameters similar 
to the values reported for the ZnGeAs 2 compound equal 
to 0 = 5.67 A and c= 11.153 A (Ref. [13). The second 
phase is identified as a chalcopyrite structure with the 
lattice parameters having values close to the literature 
data available for GdGeAs 2 compound, i.e. a~ 5.942 A 
and cRi 11.224 A (Ref. [l3l . The third phase present in 
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FIG. 2. Magnetization as a function of temperature for the 
Zni. 2 ;.j,Cda;Mnj,GeAs 2 crystals with different chemical compo¬ 
sitions. The inset shows the inverse of the experimental mag¬ 
netic susceptibility for samples with a;« 0.12 and 0.13 (points) 
and the curves fitted with the Curie-Weiss law. 

the XRD data is identified as MnAs phase. It was not 
possible to determine the crystal structure and the lat¬ 
tice parameters of the MnAs from the XRD data since 
MnAs contributes very little to the diffraction patterns. 
However, since both the hexagonal and the orthorhombic 
MnAs phase have significantly different magnetic proper¬ 
ties the magnetometric methods will prove useful for the 
identification of the type of the MnAs inclusions present 
in our samples. 


III. MAGNETIC PROPERTIES 

Magnetic properties of our Zni_ 2 ;-yCda;MnyGeAs 2 crys¬ 
tals were studied with the use of two static magnetiza¬ 
tion, M, measurement techniques. The low-field magne¬ 
tization measurements were performed with the use of 
the vibrating sample magnetometer (VSM) system. The 
measurements of the high-held static magnetization were 
performed with the use of the LakeShore 7229 magne¬ 
tometer system. 

The temperature dependence of the magnetic moment 
was measured with the sample put in a static mag¬ 
netic held of induction R = 50 mT over the tempera¬ 
ture range from 270 to 550 K. The results of the mea¬ 
surements for all our samples are presented in Fig. [2] 
The shape of the M{T) curves indicates the presence of 
the magnetic phase transition at around 310 K. It is a 
signature, previously observed for both Zni_a;Mna;GeAs 2 
(Ref. [1) and Cdi_ 2 ;Mn 2 ;GeAs 2 (Ref. [H), of the cluster¬ 
ing of paramagnetic impurities into ferromagnetic MnAs 
clusters. The Gurie temperature, Tq, of the MnAs inclu¬ 
sions present in our samples can be calculated from the 


inhection point of the M(T) curve, i.e. where the con¬ 
dition d'^M/dT‘^^0 occurs. The obtained values of Tq 
are gathered in Table HI The values of Tc do not change 
signihcantly with the amount of Mn ions in the mate¬ 
rial. However, for the samples with both low (a:Ri0.12) 
and high (a; ~ 0.85) Cd content a slight increase of the 
Tc with y can be observed. It might be a signature of 
slight changes in the structural properties of the MnAs 
inclusions present in the material, i.e. changes in the sto¬ 
ichiometry and the lattice parameters. 

The magnetic susceptibility, Xdc = can be 

calculated using the magnetization data at selected con¬ 
stant temperatures and for B values small enough to stay 
in the linear regime of M{B) curves. The inverse of the 
magnetic susceptibility (plotted in the inset to Fig. [2]) 
at temperatures well above Tc, i.e. in a paramagnetic 
region should follow from the Curie-Weiss law expressed 
with the use of the following equation: 

C 

Xdc rj, qT Xdia-! (1) 

where 

^ Npg'^ulSiS + l)y9 
Sks 

Here C is the Gurie constant, Xdia is the diamagnetic 
contribution to the magnetic susceptibility originating 
from the host lattice, Nq is the number of cation sites 
per gram, g is the g-factor of the magnetic ion (for Mn 
g = 2), S'= 5/2 is the spin-magnetic momentum of the 
Mn ion, /is is the Bohr magneton, ks is the Boltzmann 
constant, and yg is the effective content of magnetically- 
active Mn. The experimental data obtained over the 
temperature range from 400 K to 550 K were fitted to 
the Eq. [T] assuming the constant value of the diamag¬ 
netic contribution to the magnetic susceptibility. We 
took the Xdia value estimated for ZnGeAs 2 equal to 
Xdia = —2x10“’’ emu/g (Ref. [13) for fitting the M{T) de¬ 
pendence for the samples with low Cd-content, xs»0.12, 
and Ydia = —2.5x10“’’ emu/g estimated in GdGeAs 2 
(Ref. nTl l for fitting the M (T) dependence for the samples 
with high Cd-content, x ~ 0.85. We fitted the experimen¬ 
tal (Re(xy4C'))~’(2^) curves with two fitting parameters: 
the Curie-Weiss temperature 0 and the Curie constant C. 
The fitted curves are presented together with the experi¬ 
mental data in Fig. [2J As we can clearly see the magnetic 
susceptibility of our samples can be very well reproduced 
with the use of the Curie-Weiss law defined with Eq. [T] 
The fitting parameters, 6 and C, are gathered for all our 
samples in Table HI The obtained values of C can be used 
to calculate the amount of magnetically active Mn-ions, 
yg , using Eq. [2l For all our samples yg <y indicating that 
a large fraction of the Mn ions present in the material is 
either magnetically inactive or has a charge state different 
from the Mn^"*" high-spin-state with the total magnetic 
momentum, J = S = 5/2. The second fitting parameter 
obtained from fits to the Eq. [T] is the Curie-Weiss tem¬ 
perature, 0. The values of 6 are close to Tc indicating a 
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TABLE 1. Magnetization parameters obtained for the Zni.a;.j,CdxMnj,GeAs 2 crystals with different chemical compositions. 


xdzAx 

y±Ay 

Tc±ATc C±AC (10-^) 

ye±Ayg 

0dzA0 A/giAAfs 

ymi AyTTi 



[K] 

[emu-K/g] 


[K] 

[emu/g] 


p 

bo 

00 

o 

b 

00 

0.042±0.004 

306±1 

2.0±0.1 

0.015±0.001 

312±1 

- 

- 

0.85±0.08 

0.076±0.007 

310±1 

7.4±0.4 

0.055±0.003 

309±1 

- 

- 

0.82±0.08 

0.109±0.01 

313±1 

8.7±0.3 

0.065±0.002 

310±1 

- 

- 

0.13±0.01 

0.033±0.003 

308±1 

1.7±0.1 

O.OlliO.OOl 

310±1 

2.7±0.1 

0.028±0.003 

0.12±0.01 

0.071±0.007 

310±1 

3.4±0.1 

0.023±0.001 

307±1 

6.8±0.2 

0.071±0.007 

0.12±0.01 

0.099±0.009 

312±1 

7.1±0.2 

0.047±0.002 

309±1 

9.9±0.3 

O.lOiO.Ol 



FIG. 3. Magnetization as a function of magnetic 
field obtained at different temperatures for the selected 
Zni.a;.yGda;Mnj^GeAs 2 crystals with different chemical com¬ 
positions. 


lack of strong magnetic frustration in our samples, that 
could lead to significant difference between 0 and Tq. 

The isothermal magnetic field dependence of the mag¬ 
netization was measured for the samples with different 
chemical compositions. Two series of the M{B) curves 
were obtained: (i) at T = 4.5 K the magnetization curves 
were measured using the Weiss extraction method em¬ 
ployed into the LakeShore 7229 magnetometer system in 
the magnetic field up to B = 9 T and (ii) at T « 300 K 
the magnetization curves were measured with the use of 
the VSM magnetometer system for the magnetic field up 
to B = 1.5 T. The two instruments had to be used to 
cover the large temperature range where the samples are 
ferromagnetic. The experimental results were corrected 
by subtracting the contribution of the sample holder. Be¬ 
cause the M{B) curves at low temperatures carry most 
information about the magnetic ions and for clarity of 
presentation only the results obtained at the lowest tem¬ 
perature, T = 4.3 K, and at room temperature are pre¬ 
sented and analyzed. Examples of M{B) curves obtained 
for the selected Zni_a;_yCda;Mn 2 ^GeAs 2 samples with dif¬ 
ferent chemical compositions are presented in Fig. [3 The 
M{B) curves for the samples with x«0.12 reach satura¬ 
tion at moderate magnetic fields, B <9T, used in our ex¬ 
periments. The saturation magnetization, Ms, the quan¬ 


tity important for the estimation of the effective Mn con¬ 
tent in our samples, for the samples with a: ~ 0.12 is gath¬ 
ered in Table. HI However, for the samples with x ~ 0.8 the 
M{B) curves do not show saturation. The nonsaturating 
behavior of the M{B) curves originates from the higher 
level of disorder present in the samples with x~0.8 in¬ 
troducing to the system antiferromagnetic interactions 
that lead to magnetic frustration. The saturation mag¬ 
netization of the system with magnetic impurities can be 
described with the use of the following equation 

Ms = VmNoUBgS, (3) 

where Bs is the Brillouin function and ym is the effective 
content of magnetically active Mn. The obtained values 
of ym gathered in Table |T] show that ym~y- 

The magnetization of our samples shows the pres¬ 
ence of magnetic hysteresis only for the samples with 
high Cd-content, x«0.85. The different behavior of 
the magnetic hysteresis indicates a sharp change of the 
structural parameters of the MnAs clusters. The co¬ 
ercive field and remnant magnetization, Hq and Mr, 
respectively, change with the amount of Mn ions in 
the samples with xRiO.85. Both values are increas¬ 
ing functions of the Mn content, y, changing from 
He = 18 mT and Mr = 0.033 emu/g to He = 28 mT and 
Mr = 0.39 emu/g, for the samples with y = 0.042 and 
0.109, respectively. The changes in the parameters char¬ 
acterizing the magnetic hysteresis reflect the changes in 
the domain structure of the MnAs clusters, determined 
by their magnetic disorder and geometrical parameters. 

IV. MAGNETOTRANSPORT DATA 

The electrical properties of the Zni_a;_yCda;MnyGeAs 2 
crystals were studied by means of both temperature and 
field dependent magnetotransport measurements. We 
have used the superconducting magnet with maximum 
magnetic field equal to B = 13 T and a sweep speed of 
about 0.5 T/min, equipped with the cryostat allowing the 
control of the temperature of the sample in the range of 
1.4 <r <300 K. The samples, cut to the size of about 
1x1x10 mm, were etched and cleaned before making 
electrical contacts. The contacts were made with the use 
of gold wire and indium solder. The ohmic behavior of 
each contact pair was checked prior to proper measure- 
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FIG. 4. Resistivity as a function of temperature obtained 
for the Zni. 2 :.j,Cda;Mnj,GeAs 2 crystals with different chemical 
compositions. 


merits. The magnetoresistance and the Hall effect were 
measured simultaneously at selected temperatures with 
the use of the six contact dc current technique. 

Initially, we measured the temperature dependence of 
the resistivity component parallel to the current direc¬ 
tion, pxx) in the absence of an external magnetic field. 
The results of these measurements are plotted in Fig. S) 
The Pxx{T) for the group of samples with x^0.12 is a 
decreasing function of temperature while for the samples 
with a;«0.85 the PxxiT) increases with T at low tem¬ 
peratures, reaches a maximum and then is a decreasing 
function of temperature. The decrease of Pxx(T) with T 
which was observed for a group of samples with a; ~ 0.12 
cannot be interpreted as thermally-activated transport 
because the conductivity axx{T) does not scale with 
CTo-exp(—iJo/ZcsT), where uq is the lattice conductivity, 
Ea is the activation energy, and fcs is the Boltzmann 
constant. The observed decrease of the Pxx{T) in the 
samples with x ~ 0.12 most probably originates from the 
existence of a large number of defects opening a second, 
metallic conduction channel and increasing the free car¬ 
rier concentration of the alloy. A more complex Pxx{T) 
dependence is observed for the samples with xssO.SS. It 
is highly probable that the observed Pxx{T) originated 
from the presence of large structural disorder in the sam¬ 
ples. A better understanding of the observed transport 
phenomena requires the Hall effect results analysis. 

The Hall effect measured as a function of temperature 
allows us to determine the temperature dependence of 
the Hall carrier concentration n = where e is 

the elementary charge and Rh is the Hall constant, and 
the Hall carrier mobility p = {pxx ■e-n)~^ for all our sam¬ 
ples at stabilized temperatures. The obtained results of 
the Hall effect measurements indicated that for all our 
samples we observed almost no temperature dependence 


TABLE II. Transport parameters obtained at room temper¬ 
ature for the Zni.a;.j;Cdj;MnyGeAs 2 crystals with different 
chemical compositions. 


X 

V 

n±An 

pizAp 




cmV(V-s) 

0.88 

0.042 

(-8.1±0.4)xl0"' 

11±1 

0.85 

0.076 

(-l.l±0.1)xl0^® 

2.5±0.3 

0.82 

0.109 

(-1.9±0.1)xl0^® 

2.0T0.2 

0.13 

0.033 

(l.l±0.1)xl0^“ 

1.0T0.5 

0.12 

0.071 

(8.2±0.5)xl0i® 

2.0±0.2 

0.12 

0.099 

(5.5±0.4)xl0^® 

l.liO.l 


of both n and p. This indicates that the carrier transport 
in the studied samples is not due to thermal activation 
of band carriers. It is evident, that defect states have 
major influence on the conductivity of this alloy. The 
Hall effect results obtained at T = 300 K are gathered in 
Table mi As we can see the Hall carrier concentration 
changes sign from n-type in the samples with x « 0.85 to 
p-type in the samples with x w 0.12. It is a signature, that 
the Cd-content changes the dominant electrically active 
defect types (defects that can be the source of conducting 
electrons or holes) in this alloy. Most probably at least 
several types of defects are present in the material. It is 
conhrmed by the low values of p at room temperature 
and the lack of temperature dependence of the mobility 
in all our samples. 

The magnetic field dependence of the resistivity par¬ 
allel to the current direction, pxx, namely magnetore¬ 
sistance (MR), was measured in parallel to the Hall ef¬ 
fect measurements. The measurements were performed 
over the temperature range from 1.4 K to 200 K. 
For easier data presentation the MR curves are pre¬ 
sented in the form of I^Pxx/Pxxifi) = {Pxx{B) - Pxx{B = 
0))/pxx{B = 0). The selected results obtained for our 
Zni_a;_yCda;MnyGeAs 2 are presented in Fig.[5l MR of the 
two sets of samples having different Cd contents shows 
different shapes. For the samples with xssO.SS the MR 
shows negative values at T < 20 K and classical positive 
MR values proportional to at T > 20 K. Negative MR 
shows a decrease of the amplitude with increasing tem¬ 
perature. The maximum value of the negative MR is 
around -30% at H = 13 T for the sample with y = 0.076. 
However, the MR for none of our samples could be satu¬ 
rated with the maximum magnetic field used in our ex¬ 
periments. The shape of the MR curves shows that most 
probably the magnetic field needed to saturate the MR 
increases with the addition of Mn to the samples. Since 
the magnetization of the samples does show saturation at 
a magnetic field of about 3 T it is evident that the MR in 
the alloy is not fully related to the presence of MnAs clus¬ 
ters. The MR observed in the group of samples with high 
Cd content, x Ri 0.85, shows a behavior similar to that ob¬ 
served for ZnGeAs 2 :MnAs samples^ while for the group 
of samples with low Cd content, x ~ 0.12, the MR shows 
a behavior similar to that observed for CdGeAs 2 :MnAs 
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FIG. 5. The magnetic field dependence of the resistiv¬ 
ity pxx obtained at selected stabilized temperatures for the 
Zni. 2 ;.yCda:Mnj^GeAs 2 crystals with different chemical com¬ 
positions. 


samplesj^ It is therefore possible that the physical mech¬ 
anism leading to MR in these alloys is related not only 
to the cation type. 

There are several different mechanisms that could lead 
to negative MR in the alloy. The Moriya-Kawabata spin- 
fluctuation theoryi^ predicts that the negative magne¬ 
toresistance should scale with to = 1 or 2 for weakly or 
nearly ferromagnetic metals, respectively. The scaling 
analysis of MR to the Ap^x/poocB'^ proportionality, 
where to is the scaling factor, done for the results ob¬ 
tained at temperatures lower than 20 K shows, that the 
MR results can be fitted with the value of the scaling 
factor TO around 0.7±0.1. Since the to value for our sam¬ 
ples is different from 1 or 2 we can exclude the spin- 
fluctuations from being the main physical mechanism re¬ 
sponsible for the observed negative MR. Moreover, the 
dependence of the MR on the magnetization M normal¬ 
ized to the saturation magnetization Ms, i.e. M/Ms is 
neither square nor cubic. It is another signature that the 
negative MR for our Zni_ 3 ;Mn 2 ;GeAs 2 samples originates 
from processes that are not strictly related with magnetic 
impurity scattering. 

Negative MR has been reported in many inhomoge¬ 
neous systems like Ni-Si 02 alloysi^ and is usually treated 
in the framework of the theory of spin-polarized elec¬ 
trons. The negative MR has been reported in numer- 



FIG. 6. Magnetoresistance as a function of the magnetiza¬ 
tion obtained experimentally (points) and fitted using Eq. [5] 
for two Zni. 2 ,.j^Gda;Mnj^GeAs 2 crystals with different chemical 
compositions (lines). 

ous granular systems and is found to possess large values 
around 60% (Ref. H) as well as small values around 1% 
(Ref. [ 13 ). The resistivity pxx{B,T) of a metal with fer¬ 
romagnetic clusters can be expressed within the molecu¬ 
lar field theoryi^ using the approximate spin correlation 
function m in the following form: 

= ( 4 ) 

where the momenta of two separate grains with spin mo¬ 
mentum values, Si and S 2 , have the same magnitude of 
the spin momentum equal to S. The relative magnetore¬ 
sistance Apxx/po can be expressed with the use of the 
following equation: 

IP 

Apxx/Pn = r) -m\B= 0, T )], (5) 

where P is the polarization of the tunneling electrons, 
ks is the Boltzmann constant, and J is the electronic 
exchange coupling constant within the ferromagnetic 
grains. The model described by Helman and Abeles;^ 
Eqs. U] and El above, reproduces the normalized magne¬ 
toresistance with only the intra-granular exchange con¬ 
stant J and the carrier polarization P as the fitting pa¬ 
rameters, with the magnetization of the sample measured 
at the same temperature as the magnetoresistance. We 
used the P value obtained for MnAs clusters equal to 45% 
(value taken from the work by Panguluri et ah, Ref. iii) 
in order to reduce the number of fitting parameters to J 
only. The results of the fitting procedure are presented 
in Fig. |6l It is evident that the MR cannot be repro¬ 
duced well in the entire magnetic field range with the 
use of a model given by Eqs. 0] and [SI It is a signa¬ 
ture of the presence of additional physical mechanisms 
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responsible for the MR curves at low temperatures. It 
is highly probable, that the weak localization phenom¬ 
ena, observed for homogeneous Zni_a,Mn 2 ,GeAs 2 samples 
with X < 0.043 in Ref. may occur at low fields in our 
samples. Moreover, at higher fields the classical positive 
MR can influence the data. However, the fits allow us 
to estimate the inter-grain exchange constant between 
the MnAs clusters embedded in the semiconductor ma¬ 
trix. The obtained values increase with the amount of Mn 
in the samples from J=1 meV for j/ = 0.042 to 4 meV 
for 2 /= 0.109. The obtained J values are more than an 
order of magnitude higher than the values reported in 
Ref. H for Zni_ 2 ,Mn 2 :GeAs 2 with J <0.1 meV. However, 
the higher values of J correspond to the higher temper¬ 
atures at which the negative MR is observed in our sam¬ 
ples. 

For the samples with a: ^ 0.12 the MR has positive val¬ 
ues and over the magnetic field range above 3 T is either 
nearly linear with the magnetic field for y = 0.033 and 
?/ = 0.071 or nearly quadratic with the magnetic field for 
?/ = 0.099. The MR amplitude observed at T = 4.3 K in¬ 
creases with the amount of Mn in the samples from about 
1.5% for the samples with y = 0.033 up to about 40% for 
the samples with y = 0.099. The positive MR is observed 
at temperatures up to 200 K and shows a slow decrease 
with increasing temperature. Since most of Mn ions in 
our samples are clustered into MnAs inclusions it is ob¬ 
vious that the increase of y leads to an increase of the 
concentration of the MnAs clusters. It is therefore pos¬ 
sible, that the MR observed for our samples originates 
from the same physical mechanism as the MR reported 
for Gdi_ 2 ,Mna;GeAs 2 in Ref.fl^ 

The presence of a positive linear magnetoresistance is 
commonly attributed to the presence in the host mate¬ 
rial of inhomogeneities, having the conductivity differ¬ 
ent from the homogeneous host material. The linear, 
cluster-mediated magnetoresistance can have either large 
values of the order of 1000% in MnAs-GaAsi^ or values 
smaller than 1% in case of thin Ni layersji^ An effective 
medium approximation (EMA) model describes quanti¬ 
tatively the classical geometrical magnetoresistance of in¬ 
homogeneous mediai^i^ The model assumes a fixed bal¬ 
ance between phases A and B, called pa and ps = 1—PA, 
respectively, and defined zero field conductivities ctoa and 
aoB- The effective conductivity of the material, Ue//, can 
be calculated using the coupled self consistent equations, 
which can be expressed in a matrix form. The magnetic 
field dependence of resistivity can be calculated by solv¬ 
ing the self consistent equation 

= Pidai{I-rai)~^ = 0, ( 6 ) 

i=A,B 

where ai is the conductivity of either A oi B phase, 
Sai = ai—a, a is the experimental macroscopic conduc¬ 
tivity, r is the depolarization tensor describing the ge¬ 
ometrical properties of clusters and / is the unity ma¬ 
trix. The EMA mode P°'^^ is used to reproduce the ex¬ 
perimental MR curves with given carrier conductivity of 



FIG. 7. Magnetoresistance as a function of the magnetic field 
obtained experimentally (points) and fitted using Eq. [6] (lines) 
for the selected Zni.a;-jiCda;Mnj^GeAs 2 crystals with different 
chemical compositions. 

the host matrix, a a (taken from low temperature Hall 
measurements) and the ratio between the carrier Hall 
constants Rha and Rhb in the two phases A and B 
given by the parameter k equal to k = Rha/Rhb be¬ 
ing the fitting parameter. The MR curves calculated 
using the EMA model are presented together with ex¬ 
perimental data obtained at T = 4.5 K for the selected 
Zni_a;_yGda;MnyGeAs 2 samples having different chemical 
compositions in Fig. 0 We obtain good agreement be¬ 
tween the theoretical and experimental curves in the case 
of all the samples under investigation. The best fits to the 
experimental data are obtained for the negative k values 
indicating that the clusters present in the semiconduc¬ 
tor matrix have the opposite (n-type) conductivity type. 
The absolute value of k increases as a function of the Mn 
content, y, indicating an increasing difference between 
the carrier concentration of the host lattice and MnAs 
inclusions. 


V. SUMMARY 

We explored the structural, magnetic, and electri¬ 
cal properties of Zni_a;_yGda;MnyGeAs 2 nanocomposite 
ferromagnetic semiconductor samples with Gd-content 
a;«0.12 or 0.85 and changeable Mn content, y, rang¬ 
ing from 0.033 to 0.109. The presence of MnAs clus¬ 
ters induces room temperature ferromagnetism with the 
Gurie temperature, Tc, around 305 K in all our sam¬ 
ples. The magnetization M{B) curves for the sam¬ 
ples with a;~0.12 reach saturation at B<9 T but do 
not show magnetization hysteresis, while for the sam¬ 
ples with X w 0.85 the M{B) curves do not saturate even 
at H = 9 T and show well defined hysteresis loops with 










the maximum coercive field He equal to 28 mT for the 
Zuq.oti Cdo, 82 ^ 110 . 109 GeAs 2 sample. 

The magnetotransport of the studied alloy is influenced 
by both Cd and Mn content. The sign of the MR changes 
with the Cd content, x, from negative occurring only at 
T < 20 K observed for the samples with x ~ 0.85 to pos¬ 
itive MR sign observed for the samples with x~0.12. 
Three major mechanisms cause the negative MR of the 
samples with x~0.85: carrier polarization by granular 
ferromagnetic clusters, weak localization due to defects, 
and the classical orbital MR. On the other hand the ge¬ 
ometrical MR is the main physical mechanism responsi¬ 
ble for the positive MR observed for the samples with 
x^O.12. 
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